Abstract: Nucleophilic phosphine catalysis of allenes with electrophiles is one of the most powerful and straightforward synthetic strategies for the generation of highly functionalized carbocycle or heterocycle structural motifs, which are present in a wide range of bioactive natural products and medicinally important substances. The reaction topologies can be controlled through judicious choice of the phosphine catalyst and the structural variations of starting materials. This Tutorial Review presents selected examples of nucleophilic phosphine catalysis using allenes and electrophiles.
α-silyl-substituted allenones 16 and electron-deficient olefins 17 ( Table 2) . 14 The bulk of the silyl substituent at the α-position leads to preferential addition at the γ-position, yielding the γ-addition product 18. This method works well with both phenyl and 2-furanyl allenones and a range of electron-deficient olefins, including chalcones, methyl acrylate, diethyl maleate, diethyl fumarate, and ethyl-4,4,4-trifluorocrotonoate. Notably, the trimethylsilyl group in the starting material is not retained in the final product.
Interestingly, a range of polyfunctionalized fused-and spiro-cyclopentenes can besynthesized through Lu's allene-olefin [3+2] annulation of some designed electron-deficient olefins. A very recent example was reported by the Marinetti group (Scheme 4). 15 Several spiro(cyclopentene)oxindoles 21 with trisubstituted cyclopentene units were obtained by using arylideneoxindoles 19 as starting materials.
In particular, this synthetic strategy is a straightforward means of synthesizing carbocyclic analogues (22) of an important series of anticancer agents inhibiting MDM2-p53 interactions.
[4+2] Annulation with electron-deficient olefins
Inspired by the robust Lu's [3+2] annulation for the synthesis of functionalized cyclopentenes, Kwon disclosed an unprecedented [4+2] annulation of α-substituted allenoates 23 and arylidenemalononitriles 24 (Table 3) . 16 In this case, the reaction regioselectivity is controlled by the electronic nature of the phosphine catalyst. When hexamethylphosphorous triamide (HMPT) was used as the catalyst, the reaction produced the cyclohexene 25. On the other hand, when a more electron-withdrawing triarylphosphine, such as tris(p-fluorophenyl)phosphine, was used as the catalyst, the reaction provided the alternative regioisomeric cyclohexene 26.
In the mechanism proposed (Scheme 5), the γ-addition reaction pathway begins with conjugate addition of the phosphonium dienolate intermediate 27 to the benzylidenemalononitrile 24a, producing the vinylphosphonium species 28, which undergoes two proton transfer steps to form the allylic phosphonium species 29. . 21 This approach allows benzo-fused cyclic sulfamidate heterocycles 43 featuring a variety of substituents at various positions on the aromatic ring to be prepared readily with high isolated yields. Furthermore, these reactions can also be performed conveniently on the gram scale.
[4+2] Annulation with imines
In the imine [3+2] annulation described above, unsubstituted or γ-substituted [4+2] annulation to produce highly functionalized tetrahydropyridines 44 (Table 6 ). annulation can be employed to generate tetrahydropyridines 44 on large scales. 23 The application of this reaction to natural product syntheses, such as the formal syntheses (±)-alstonerine and (±)-macroline (2005) and the total synthesis of (±)-hirsutine (2012), was reported by the same group (Scheme 8). 24, 25 Unlike the allene-alkene (Table 9) . controlled by the nature of the phosphine catalyst, the reaction conditions, as well as structural variations of the starting materials (Scheme 10). [31] [32] [33] [34] When a small tertiary phosphine (e.g., trimethylphosphine) was employed in the reaction, the dioxanes 65
were produced through the intermediate 60 having s-trans geometry, due to electrostatic association of the dienolate oxygen anion with the phosphonium cation.
When a bulky tertiary phosphine or a hydrogen-bond donor was present, the pyrones (in presence of tricyclopentylphosphine) or dihydropyrones (in presence of MeOH)
were generated through the s-cis-phosphonium dienolate intermediate 61. When γ-methyl allenoate was used as the reaction partner instead of an unsubstituted allenoate, the tetrahydrofurans 74 were obtained through the phosphorus ylide 70, which was generated from the phosphonium dienoate 62 by an overall 1,4-hydrogen shift.
In 2005, Kwon reported the first phosphine-catalyzed reaction of aldehydes 76 with allenoates 75 to generate 2,6-disubstituted-1,3-dioxan-4-ylidene-acetates 77 (Table   10) . 31 Pyridine aldehydes and benzaldehydes with electron-withdrawing groups both afforded the corresponding 1,3-dioxan-4-ylidenes 77 in excellent yields and with Page 18 of 40 Chemical Society Reviews good stereoselectivities favoring the E isomers. Less-reactive benzaldehydes bearing electron-donating substituents, however, afforded their products in moderate yields.
Furthermore, some ubiquitous δ-hydroxyl-β-ketoesters were synthesized from the 1,3-dioxan-4-ylidenes through acid-mediated hydrolysis of the acetal functionality.
On the other hand, when bulky tricyclopentylphosphine was used as the catalyst, the 2-pyrones 78 were isolated from the same starting materials (Table 11) . 32 Various aromatic aldehydes 76, including benzaldehyde, 2-naphthaldehyde, and 2-furaldehyde, gave the 6-aryl-2-pyrones 78 in good yields. Although the reaction yields were not satisfactory when using aliphatic aldehydes as reaction partners, the reaction afforded a valuable compound, 6-propyl-2-pyrone, which possesses a sweet, creamy, coumarin-like herbal flavor, in one step from a commercially available aldehyde. annulations. (Table 14) . (Table 15) . 37 In the mechanism proposed (Scheme 
Miscellaneous

Chiral phosphines with hydrogen-bond donors
In contrast to chiral phosphines lacking additional functionality, which induce (Table 21) . 47 When using benzyl 2,3-budienoate 42 as the reaction partner, they obtained various spirocyclic compounds 135 and 136 from corresponding electron-deficient olefins in good yields with good to moderate enantioselectivities. The presence of a heteroatom-substituted ring system in the starting material resulted in significantly lower yields and enantioselectivities.
reaction efficiency.
Conclusions
The use of nucleophilic phosphines as Lewis base catalysts for organic reactions has 
